We use an effective Hamiltonian for two-dimensional Hubbard model including an antiferromagnetic spinspin coupling term to study recently proposed Gossamer superconductivity. We apply a renormalized mean field theory to approximately take into account the strong correlation effect in partially projected Gutzwiller wave functions. At the half-filling, there is a first order phase transition to separate a Mott insulator at large Coulomb repulsion U from a Gossamer superconductor at small U. At the critical value U = U c , the charge carrier density and the superconducting ͑SC͒ order parameter change discontinuously from zero in the Mott insulating phase to finite values in the Gossamer SC phase. The first order transition is due to the interplay of the kinetic and spin exchange energies. As the electron density changes away from half-filling, the Gossamer SC state changes smoothly, while the Mott insulator is evolved into a resonating valence bond ͑RVB͒ SC state. The Gossamer and RVB SC states have the same pairing symmetry. The SC order parameter changes smoothly from a RVB SC state at U Ͼ U c to a Gossamer SC state at U Ͻ U c at a fixed nonhalf-filled electron density. We argue that the RVB SC state is smoothly connected to the Gossamer SC state, hence to the BCS state.
I. INTRODUCTION
Since the discovery of high temperature superconductivity in the cuprates, 1,2 there have been a lot of theoretical efforts to understand its microscopic mechanism. One of the scenarios was initiated by Anderson, 3 who proposed the idea of a resonating valence bond ͑RVB͒ state for the observed unusual properties in these compounds. A minimum model for cuprates was proposed to be two-dimensional Hubbard or its equivalent t-J model in the large U limit. 3, 4 In the RVB picture, each lattice site is either unoccupied or singly occupied by a spin-up or spin-down electron. The spins are coupled antiferromagnetically without long range order. The charge carriers move in the spin background and condense to a superconducting ͑SC͒ state. [5] [6] [7] [8] [9] [10] [11] [12] In this scenario, the undoped cuprate with density of one electron per site is a Mott insulator, and the superconductor is viewed as a doped Mott insulator. Many experimentally observed properties in cuprates, such as the d-wave symmetry in superconductivity, 13, 14 the pseudogap phenomena, 15 and the linear doping dependence of the superfluid density in the underdoped region, 16 seem to be consistent with the RVB mean field theory, as discussed in a recent review. 5 On the other hand, while mean field theories and variational calculations support the SC ground state in the doped Hubbard or t-J models, more direct numerical calculations on these models remain controversial and have been unable to provide unambiguous answers to this question. [17] [18] [19] [20] [21] [22] Very recently, Laughlin has proposed an interesting notion, the Gossamer superconductivity, for high T c SC Cu-oxides. 23 In a Gossamer superconductor, the superfluid density is tenuous, in contrast to the conventional superconductor. He proposed a partially Gutzwiller projected BCS wave function ͓Eq. ͑2͒ below͔ to describe the Gossamer SC state, and a Hamiltonian for which his wave function is an exact ground state. By expanding that Hamiltonian, Laughlin showed that the SC ground state requires a large attractive interaction in addition to a large on-site Coulomb repulsion.
In a previous short paper, 24 one of us ͑F.C.Z.͒ argued that the effective Hamiltonian of the Hubbard model acting on the Gutzwiller's wave function should include a spin-spin coupling term, and that the on-site Coulomb repulsion generates an attractive pairing interaction in addition to the suppression of electron's onsite double occupation. Using Gutzwiller variational method, it was demonstrated that the ground state at half-filled electron density is a Gossamer superconductor for smaller intrasite Coulomb repulsion U and a Mott insulator for larger U. The Gossamer SC state is similar to the RVB SC state. The transition between a Mott insulator and a superconductor at half-filled electron density has also been studied by Baskaran, 25 who introduced a twospecies t-J model and argued its superconductivity to be similar to the RVB. More recently, Bernevig et al. 26 have examined the instability of the Gossamer superconductivity towards a magnetic insulator within the framework of Laughlin's Gossamer Hamiltonian. 23 In this paper, we extend the idea explored in Ref. 24 to study the phase transition in strongly correlated electron systems in great detail. In particular, we use an effective Hubbard like Hamiltonian ͓Eq. ͑1͒ below͔ in a square lattice to systematically study the partially projected Gutzwiller wave function and the competition between the Mott insulator and the superconductor. We use Gutzwiller's approximation to replace the strong correlation in the projected state by a set of renormalized factors, and to carry out a renormalized mean field theory numerically to study the ground state and the elementary excited states of the system. Our main results can be summarized below. At the half-filling, the ground state is a Mott insulator at large U, and a Gossamer superconductor at small U. The transition is the first type in the physically interesting parameter region. The charge carrier density and the SC order parameter change discontinuously from zero in the Mott insulating phase to finite values in the SC state at the critical value of U. As the electron density changes away from half-filling, the Gossamer SC state changes smoothly, while the Mott insulating phase is evolved to the RVB SC state. The Gossamer and RVB SC states have the same pairing symmetry, and their SC order parameters are both suppressed by a unified renormalized factor, which quantitatively characterizes the smallness of the superfluid density. The SC order parameters in both RVB and Gossamer SC states are calculated and are found to change smoothly between the two states as U is varied at a fixed non-halffilled electron density. We thus argue that the RVB SC state is smoothly connected to the Gossamer SC state. 25 Since a Gossamer SC state is adiabatically connected to a BCS state, 23 our theory suggests that the RVB SC state is smoothly connected to the BCS state. The Gossamer SC state at half-filling may be viewed as a RVB state with equal number of independent empty and doubly occupied sites. 27 From this point of view, the reduction of U / t, which may be realized by applying the pressure, 25 plays a similar role as the chemical doping. The Gossamer superconductivity may have already been realized in organic superconductors. 25, 28 In the present paper, we focus on the SC and insulating properties of the problem, and neglect the possible antiferromagnetism in the model. This paper is organized as follows: In Sec. II, we introduce the model and the variational wave function. In Sec. III, we formulate a renormalized mean field theory to study the variational wave function. Section IV is devoted to the phase transition between the Mott insulator and the Gossamer superconductor at the half-filling. Detailed discussions on the Gossamer and RVB SC states are given in Sec. V. The paper is concluded with a summary in Sec. VI.
II. THE MODEL AND THE VARIATIONAL WAVE FUNCTION
We study an effective Hubbard Hamiltonian in a square lattice,
In the above equations, c i is the annihilation operator of an electron of spin at the lattice site i, and n i = c i † c i . The sum is over the nearest neighbor pairs of ͗ij͘, and U Ͼ 0 is the intrasite Coulomb repulsion. We assume t Ͼ 0. The case at t Ͻ 0 can be mapped onto the model with t Ͼ 0. In this Hamiltonian, we have introduced an antiferromagnetic spinspin coupling term to account for the effect of the virtual electron hopping process. In the large U limit, J Ϸ 4t 2 / U. This model may be viewed as an effective Hamiltonian of the Hubbard model. The inclusion of the antiferromagnetic spin coupling appears consistent with the weak coupling renormalization group analysis, 29 and is appropriate in the variational approach studied here. In the limit U → ϱ, the model is reduced to the t-J model. While there is a lack of derivation of the Hamiltonian ͑1͒ from the Hubbard model, we believe Eq. ͑1͒ to be relevant to the physics of the Hubbard model at large U including values near the transition points we are most interested in. Equation ͑1͒ may be very different from the Hubbard model at small U, however. Keeping this in mind, below we shall consider Eq. ͑1͒ from a phenomenological point of view, and consider J to be an independent parameter, and study its solutions within the framework of Gutzwiller's variational approach.
Due to the perfect nesting and the van Hove singularity in the density of state, the ground state of Hamiltonian ͑1͒ at half-filling ͑electron density n = 1 per site͒ is an antiferromagnet for arbitrarily small value of U in the absence of the spin-spin coupling term ͑J =0͒. In this paper, however, we will not consider the magnetic long range order.
We study the model using a variational trial wave function proposed by Laughlin,
with ͉⌿ BCS ͘ a BCS SC state, given by
where ͉0͘ is the vacuum, and u k and v k are variational parameters, satisfying the condition
⌸ ␣ is a projection operator to partially project out the doubly occupied electron states on each lattice site i. The state ͉⌿ GS ͘ may be considered as a generalization of the previously studied partially projected noninteracting electron state [30] [31] [32] to include superconductivity. In the limiting case u k v k =0, ͉⌿ BCS ͘ is reduced to the noninteracting electron state, and
where ͉⌿ FL ͘ is the ground state of the noninteracting electron system, given by
, and the product runs over all the k's inside the Fermi surface. ͉⌿ GS ͘ is a natural generalization of conventional BCS state to strongly correlated systems. It connects the BCS state to the RVB state, and is characterized by the parameter ␣ between 0 and 1. ␣ = 0 corresponds to a conventional BCS state. At ␣ = 1, the projection operator projects out all the doubly occupied electron states, and ͉⌿ GS ͘ is reduced to the RVB state. 3 At the half-filling and at ␣ = 1, each lattice site is occupied by a single electron, and the system is a Mott insulator. Therefore, the wave function ͉⌿ GS ͘ is suitable for studying superconductor-insulator transition.
III. THE RENORMALIZED MEAN FIELD THEORY
We now proceed with the variational calculations to determine the parameters ␣ and u k , v k . We consider the electron density n ഛ 1. The variational energy per site E = ͗H͘ is given by
The first term in Eq. ͑5͒ is the intrasite Coulomb interaction energy, while the second and the third terms are the average kinetic and spin-spin correlation energies, respectively. d = ͗n i↑ n i↓ ͘ is the average electron double occupation number, and is a function of ␣, and 0 ഛ d ഛ 1 / 4. We have denoted ͗Q͘ as the expectation value of the operator Q in the state ͉⌿ GS ͘. For briefness, ͗H t ͘ , ͗H J ͘ stand for their average values per site.
The variational calculations can be carried out using variational Monte Carlo method. 8, [33] [34] [35] Here we use the renormalized Hamiltonian approach to treat the projection operator approximately. 7 In this approach, the effect of the projection operator is taken into account by a set of classical statistical weighting factors, which multiplies the quantum coherent results of the nonprojected state. This method ͑Gutzwiller method hereafter͒ was proposed by Gutzwiller, 31 and has been applied to study strongly correlated systems by many authors. 7, 30, 32 Let ͗Q͘ 0 be the expectation value of Q in the state ͉⌿ BCS ͘, then the hopping energy and the spin-spin correlation in the state ͉⌿ GS ͘ are related to those in the state ͉⌿ BCS ͘ by
The renormalized factors g t and g s are determined by the ratio of the probability of the physical processes in the states ͉⌿ GS ͘ and ͉⌿ BCS ͘. Following the counting method described in the literature, 7 we have
The expression for g t is the same as in the early literature. 30 In the limit d = 0, Eqs. ͑7͒ recover the results derived for the t-J model. 7 These renormalized factors quantitatively describe the correlation effect of the on-site repulsion. g t ഛ 1, and g t Ӷ 1 at small d and small ␦, indicating the reduction of the kinetic energy due to the projection. 4 ജ g s ജ 1, and g s =4 at d = 0 and ␦ = 0, indicating the enhancement of the spinspin correlation due to the projection. In Fig. 1 , we plot g t and g s as functions of the double occupation number d for various electron densities.
In terms of these renormalization factors, we define a renormalized Hamiltonian,
The expectation value of H in the state ͉⌿ GS ͘ can thus be evaluated in terms of the expectation value of HЈ in the state ͉⌿ BCS ͘. We obtain,
In the renormalized Hamiltonian approach, the original variational parameters 
This relation is useful to make connections between the Gutzwiller method we adopt here where the partial projection is described by d and Laughlin's method where the partial projection is characterized by ␣. The formalism below is similar to the renormalized mean field theory developed for the t-J model 7 except that d may be nonzero in the present theory. We introduce a Lagrangian multiplier , and define
with N e the number of electrons. We then have E = ͗K͘ 0 , subject to the condition ‫͗ץ‬K͘ 0 / ‫ץ‬ =0, or
Below we consider the case u k and v k to be real. Evaluating Eq. ͑11͒ , we obtain ͑lattice constantϭ1͒, 
where
Carrying out the variational procedure with respect to u k and v k , we obtain
The variational parameters ⌬ k and k are related to the particle-particle pairing amplitude ⌬ k and the particle-hole amplitudes k by
In the above equations, we have introduced two correlation functions in the unprojected state ͉⌿ BCS ͘,
with = x , y, the unit vectors on the lattice, and
For the d-wave pairing state, which is expected to have the lowest energy within this class of states as suggested in the previous studies for the t-J model, 7,9,10,36,37 we have ⌬ x = −⌬ y = ⌬, and x = y = . ⌬ and are determined by the coupled gap equations,
These gap equations must be solved simultaneously with the hole concentration equation, Eq. ͑12͒ , which can be rewrit-
The variation with respect to d leads to the equation
In terms of and ⌬, the energy is given by
where and ⌬ are the solutions of the gap equations, and both are functions of d. 
Note that chemical potential here is different from the Lagrangian multiplier in the renormalized mean field theory, because the renormalized factors g t , g s are also functions of electron density n.
IV. MOTT INSULATOR-GOSSAMER SUPERCONDUCTOR TRANSITION
In this section, we discuss the variational solutions at the half filled case. At the half-filling, the trial wave function ͉⌿ GS ͘ describes either a Mott insulator if ␣ =1 ͑i.e., d =0͒, or a SC state if ␣ Ͻ 1 ͑i.e., d Ͼ 0͒. If ␣ is close to 1, or d is very close to zero, ͉⌿ GS ͘ describes a Gossamer SC state.
We expect a Mott insulator at large U and a SC state at small U. This can be examined qualitatively without carrying out the quantitative calculations. At the half-filling, g t =8͑1-2d͒d, and g s =4͑1-2d͒ 2 . Equation ͑21͒ becomes
Since both ͗H t ͘ 0 and ͗H J ͘ 0 are finite, there will be no solution of Eq. ͑24͒ if U is sufficiently large. This indicates that the ground state corresponds to either d =0 or d = d max , the allowed maximum value of d. The repulsive nature of U excludes the latter, and it follows that the Mott insulating state with d = 0 is the ground state. We believe that the qualitative result for the existence of the Mott insulating phase at large but finite U is robust. Note that in the Gutzwiller's wave function, the doubly occupied site and the empty site are not correlated. At the half-filling, d represents the carrier density n * and is proportional to the Drude weight in the a.c. conductivity, n * e 2 / m * , with m * the effective mass. We remark that the parameter d in our Gutzwiller approach is different from the usual double occupation number d ͑for example, the double occupation calculated in the exact diagonalization of a finite size system͒. In the latter case, d also includes the contribution from the virtual hopping process, hence the double occupied site can be bound to the empty site and the double occupation number d does not represent the mobile carriers.
In the insulating phase d = 0, so the Hamiltonian is reduced to a Heisenberg model. Within our mean field theory, the RVB ground state energy is given by
͑26͒
At small U, one expects a metallic ground state, except in the special cases due to the band effect such as the von Hove singularity and perfect nesting in H t . In this paper, we will not consider the special band effect. We expect a metalinsulator transition at a finite U = U c in the general case, with the metallic phase to be SC provided that u k v k 0. This is the Mott insulator-Gossamer superconductor transition. We now discuss the phase transition in detail. We solve the gap equations for the fixed d and determine the transition point U c and the nature of the transition. The phase diagram in the parameter space U and J / t is plotted in Fig. 2 . The critical U c separates the Mott insulating phase from the Gossamer SC phase. We may choose the mobile carrier density as the order parameter, which is proportional to d. The phase transition is classified as second type if d → 0 and first type if d → d c Ͼ 0 as U → U c from the metallic side. This classification is consistent with the usual zero temperature quantum phase transition, where the nature of the phase transition depends on the continuity or discontinuity of the order parameter. We find the transition to be first order at 0 Ͻ J / t Ͻ c , and second order at c Ͻ J / t, with c Ϸ 2. At J = 0, the present theory is reduced to the Brinkman-Rice theory for metal-insulator transition 30 for the projected noninteracting electron state. In that case, we find U c / t = 128/ 2 . From Fig.  2 , we see that U c ͑J → 0͒ = U c ͑J =0͒, so that the critical value of U is continuous at J = 0. However, the transition is second order in the case J = 0, while it is first order for any small but finite J / t.
Let us first discuss the first order phase transition in the region 0 Ͻ J / t Ͻ 2. In Fig. 3 We conclude that the Mott insulator-Gossamer superconductor phase transition in this relevant region is first type. The carrier density is discontinuous at the phase transition point. Since d is proportional to the carrier density, this type of first order transition should be observable in the electric transport or in the ac conductivity measurements.
For a large ratio of J / t, our calculations show that the phase transition is second order. This is illustrated in Fig. 5 for E vs d in the case of J / t = 3. The transition occurs at U c = 2.58t, and d changes continuously across U c .
A special case is J = 0. In this limit, ͉⌿ GS ͘ = ⌸ ␣ ͉⌿ FL ͘, and our theory is reduced to the Brinkman-Rice theory. 30 The energy at the half-filling is given by 
͑27͒
From this we find U c / t = 128/ 2 Ϸ 13. d is continuous at U c so that the transition is a second type.
Our result on the first order phase transition in the physically interesting region ͑small but nonzero J / t͒ is somewhat unexpected. We argue that the first order transition between the Mott insulator and the Gossamer superconductor is due to the interplay of the kinetic and spin-spin correlation energies. This interplay was not included in the previous study of the Gutzwiller approach but is taken into account here. To illustrate this point, we consider the limiting case 0 Ͻ J / t Ӷ 1, and expand the energy E of Eq. ͑22͒ at n = 1 for small d,
where E 0 is the energy at d = 0 given by Eq. ͑25͒, U c0
in ␤ has been neglected since J / t Ӷ 1. Note that the kinetic energy is proportional to . As d increases from 0, tends to increase from 0 = C / ͱ 2 to gain more kinetic energy. Therefore, ‫ץ‬ / ‫ץ‬d Ͼ 0. In the limit J / t Ӷ 1, we have ‫ץ‬ / ‫ץ‬d = ͑ − 0 ͒ / d ϰ t / J ӷ 1, hence the first term in the expression for ␤ dominates and ␤ Ͼ 0. This demonstrates that d = 0 is a local maximum in energy at U = U c0 , and the phase transition occurs at a large value of U corresponding to d Ͼ 0 as numerically shown in Fig. 3 , hence it is a first order transition. Numerically, we find that ␤ = 34.8 in the case J / t =1/3. It is interesting to compare the Gossamer superconductorMott insulator transition with the metal-insulator transition studied in previous literature. 30 In the Brinkman-Rice theory, the transition is second order. In that theory, as the system approaches the insulating phase, the effective mass m * → ϱ. In the Gossamer superconductor-Mott insulator transition with small ratio of J / t, the insulating phase is not characterized by the divergence of the effective mass. We estimate the ratio of the effective mass to the band mass ͑1/t͒ at the metallic side of transition point to be 1 / g t Ϸ 1/͑8d͒Ϸ6.
The first order phase transition between metal and insulator was pointed out by Peierls 38 and by Landau and Zeldovich, 39 and examined in more great detail by Mott. 40 In their theory, an electron is always bound to a positive charge due to the long range Coulomb attraction, and the transition of a metal to an insulator at zero or very low temperatures occurs at a finite critical electron density, and must be the first type. It is interesting to note that the on-site repulsion also leads to the first order transition between a specific type of metal ͑superconductor͒ and an insulator studied in the present paper, where the long range Coulomb force is not included. We also note that Florencio and Chao 41 investigated the metal-insulator transition of the Hubbard model using Gutzwiller's wave function by including antiferromagnetism and found the transition to be first type.
V. GOSSAMER AND RVB SUPERCONDUCTIVITY
In this section, we discuss the SC state at both ␦ = 0 and ␦ Ͼ 0. Note that at ␦ Ͼ 0, ͉⌿ GS ͘ always describes a metallic state. To make the terminology clear, we shall call the SC state at U Ͻ U c to be a Gossamer superconductor, 23, 24 and the doped Mott insulator ͑ U Ͼ U c and ␦ Ͼ 0͒ to be the RVB SC state. 3 We begin with the discussion of the double occupation number d as a function of the hole concentration. We solve the gap equations and find the optimal value of d. The results are plotted in Fig. 6 . We find that d is always nonzero at ␦ Ͼ 0, even in the region U Ͼ U c . This suggests that the doped Mott insulator is described by a partially projected state ͓ ␣ Ͻ 1 in Eq. ͑2͔͒. Nevertheless, d is very small for U ӷ U c . As we can see from Therefore, d = 0 cannot be a solution of the equation, and d must be finite. It remains to be seen if this result is due to the Gutzwiller's approximation used in our calculation. It will be interesting to further examine this issue using other methods such as the variational Monte Carlo method.
From Fig. 6 , we also see that as ␦ increases, d increases for large U but decreases for small U. The latter may be understood as follows. In the small U case, the correlation becomes less important, and the qualitative feature between and ⌬ sc = ⌬ sc ͑x͒ =−⌬ sc ͑y͒. We shall adopt the Gutzwiller approximation to calculate this quantity. In analogy to the derivation for the hopping energy in Eq. ͑6͒, we find that 7
Therefore, the order parameter ⌬ sc is related to the variational parameter ⌬ in the gap equations by
In Fig. 8 , we show our results for ⌬ sc and ⌬ as functions of ␦ for three values of U: well above U c , at U c , and well below U c . Note that at U =15t ӷ U c , ⌬ is a maximum but ⌬ sc =0 at ␦ =0. ⌬ sc = 0 is consistent with the Mott insulating ground state. As ␦ increases, the kinetic energy plays a more important role, ⌬ decreases monotonically. However, ⌬ sc shows a nonmonotonic dome shape for larger U. Also note that at U c the Mott insulator and Gossamer SC state are degenerate at ␦ = 0, and the Gossamer SC phase is continuously evolved into the metallic phase at ␦ Ͼ 0. Shown in the figure for U = 10.23t Ϸ U c is the metallic phase. The nonzero value of ⌬ sc at U = U c and ␦ = 0 indicates the transition to be first order.
It is interesting to point out that the SC order parameter ⌬ sc in both the Gossamer and RVB SC states are characterized by the variational parameter ⌬ and a small renormalized factor g t . They have the same pairing symmetry. It is plausible that the two states are smoothly connected. To examine this issue further, we plot ⌬ sc as a function of U for several values of ␦ in Fig. 9 . As we can see, at half-filling, ⌬ sc changes suddenly to zero at U c , representating a first order phase transition from a Gossamer superconductor to a Mott insulator. However, at ␦ 0, ⌬ sc changes continuously across the critical value of U = U c = 10.23t. 42 This is to say, a RVB SC state at a filling ␦ Ͼ 0 is smoothly connected to its corresponding Gossamer SC state at the same ␦, and the state with U Ͼ U c ͑the RVB SC͒ and the state with U Ͻ U c ͑Gossamer SC͒ are essentially the same at least from the superconductivity point of view. Note that the Gossamer SC state at halffilling and away from the half-filled are smoothly connected, and that the Gossamer SC state is adiabatically connected to the BCS state. 23 Therefore, our theory suggests that the RVB SC state is smoothly connected to the Gossamer SC state, hence to the BCS state. This point of view was implied in Ref. 24 , and in Ref. 25 . The smooth connection between the RVB SC state and the BCS state via Gossamer SC state implies that the RVB state has its genesis in the BCS state, and is in some ways rather conventional. What is unusual is the reduction of the superfluid density and the quasiparticle spectral weight. 5 In Fig. 10 , we present a schematical ground state phase diagram including the Mott insulator, Gossamer and RVB SC states in the parameter space of Coulomb repulsion U and the hole concentration ␦.
While the Gossamer and RVB SC states are essentially the same, the chemical potential in the Gossamer SC state is continuous at ␦ = 0 because of the metallic phase, while is discontinuous at ␦ = 0 because the state at ␦ = 0 is an insulator and the state at any small but finite ␦ is a metal within the present theory. Below we shall study quantitatively. At ␦ =0, = U /2 by electron-hole symmetry. At other values of ␦, we calculate using Eq. ͑23͒ after solving the gap equations. In Fig. 11 , we show as a function of ␦. As we can see from the figure, = U /2 at ␦ = 0, and is continuous for U ഛ U c = 10.23t. There is a discontinuity in for U Ͼ U c at ␦ =0. At U Ͼ U c , the chemical potential is shifted from U / 2 at the half-filled to the lower Hubbard band away from the half-filled. To see this more explicitly, we define ⌬ = ͑d → 0͒ − ͑d =0͒. ⌬ as a function of U is plotted in Fig. 12 . As U decreases, ⌬ decreases monotonically and reaches a finite value at U = U c +0 + , then drops to zero at U = U c −0 + . The discontinuity of ⌬ at U c is related to the first order phase transition.
Finally, we briefly discuss the excited states. In the context of the Gutzwiller trial wave function, the excited states were discussed by Zhang et al. 7 for the RVB state, and recently by Laughlin for a Gossamer SC Hamiltonian. 23 Here we follow Ref. 7 to discuss quasiparticle states in the Gossamer superconductor. We consider quasiparticle state,
The quasiparticle energy Ẽ p is defined to be the difference of the expectation values of K ͓see Eq. ͑11͒ ͔ in this state and in the ground state ͉⌿ GS ͘. We use the Gutzwiller method to calculate the energy and obtain
At the wave vector p satisfying p =0 ͓Eq. ͑17͔͒, we have Ẽ p = ⌬͉cos k x − cos k y ͉. Therefore, the quasiparticle energy is proportional to the parameter ⌬, which is not renormalized by the factor g t , in sharp contrast to the SC order parameter which is renormalized down by a factor of g t . Our result here is consistent with Refs. 7 and 23. Since E p is not renormalized, we can see from Fig. 8 that the quasiparticle energy is maximum at ␦ = 0, and decreases as doping concentration increases. This feature was first found for the t-j model, 7 and is consistent with the "high energy pseudogap" observed in the angular resolved photoemission experiments and the observed SC energy gap. [43] [44] [45] Here we show that this feature should also appear in the Gossamer superconductor.
VI. SUMMARY
We have used the Gutzwiller variational method to study an effective Hamiltonian for the Hubbard model in a square lattice. Based on the Gutzwiller approximation, we have discussed the ground state both at half-filling and away from the half-filled. At the half-filling, there is a first order phase transition to separate a Mott insulator at large Coulomb repulsion U from a Gossamer superconductor at small U. This is very interesting. It suggests that the on-site Coulomb repulsion can lead to a first order transition between a specific type of metal and an insulator. The double occupation number d, which is proportional to the carrier density, changes discontinuously from zero in the Mott insulator phase to a finite value in the metallic phase at the phase transition point ͑U = U c ͒. We expect that this type of first order transition should be observable in the electric transport or in the ac conductivity measurements. Away from the half-filled, the Gutzwiller variational state is always metallic. The Gossamer SC state changes continuously, while the Mott insulating phase becomes RVB SC. The Gossamer superconductor is similar to the RVB SC state with the same type of pairing symmetry and similar type of pseudogap. They are smoothly connected. Their major difference is on the position of the chemical potentials. The Gutzwiller method we used in this paper has previously been tested in good agreement with the variational Monte Carlo method. 7, 8 We believe that the qualitative conclusions obtained here should be reliable, and refined numerical calculations such as variational Monte Carlo calculations will be interesting for further examination of the problem. There are other questions that require further investigation, such as the competition with the antiferromagnetic phase, which will be for our future study.
